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Abstract
The gradient refractive index of the crystalline lens in the Black Oreo Dory (Allocyttus Niger) was determined using two
methods; an optimisation program based on finite ray-tracing and the path of laser beams through the lens, and magnetic
resonance imaging (MRI) and the linear relationship between refractive index and nuclear transverse relaxation rates. The
methods showed good agreement in the cortical zone of the lens, but the lack of free water in the core of the lens made MRI
measurement impossible in this region. The laser-optimisation method gave mean values of 1.368 and 1.543 for the surface and
core refractive indices respectively, with a radial distribution for the gradient refractive index given by n(r)1.5430.121r2
0.033r40.021r6. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The crystalline lens of the fish is spherical with a
gradient refractive index that varies from approxi-
mately 1.36 at the edge to 1.55 at the core of the lens,
giving the lens an equivalent uniform refractive index of
approximately 1.69. The refractive index distribution
has been studied since Matthiessen (1882) proposed
that the form of this distribution was parabolic, and
since then several investigators have confirmed that the
index profile is continuous from the centre to the edge
of the lens, although different polynomial expressions
have been used to describe this profile (Jagger, 1992).
Fernald and Wright (1983) measured the path of laser
beams through the fish lens and concluded that the lens
had an homogeneous core, equal to 0.67 of the radius
of curvature with a refractive index of 1.60, surrounded
by a gradient index that reduced to 1.38 at the surface
of the lens. This view of the lens structure has been
disputed on the basis that such a lens would suffer from
a large degree of spherical aberration, and that laser
paths through intact lenses do not agree with the exit
ray heights from the homogenous core model (Camp-
bell & Shands, 1984; Axelrod, Lerner, & Sands, 1988).
More recently, Kroger, Campbell, Fernald and Wagner
(1999) have suggested that the refractive index gradient
of the lens in vertebrate eyes develops to produce a
multifocal lens such that chromatic and monochromatic
aberrations interact to correct each other. Jagger and
Sands (1999) found that correction of monochromatic
aberrations by the refractive index gradient was rela-
tively good in the trout and the octopus, and while
accepting that longitudinal chromatic aberration would
limit image quality, there was no indication from their
data that the refractive index gradient was not
continuous.
Measurement methods to determine the refractive
index profile may be classified as destructive, e.g. direct
measurement of sectioned lenses with an Abbe refrac-
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tometer, interference technique or protein distribution
(Philipson, 1969), or non-destructive, of which the most
common methods are based on the analysis of the path
of laser beams through the lens. Campbell (1982) using
a method devised by Chu (1977), measured the exit
angles of incident beams that entered the lens parallel
to the optic axis of the rat lens and described a
parabolic distribution for the refractive index. To apply
this method, the refractive index of the surrounding
solution must match the surface refractive index of the
lens, which must be either determined separately, for
example using an Abbe refractometer (Kroger, Camp-
bell, Munger, & Fernald, 1994), or assumed. A varia-
tion on the laser method was used by Axelrod et al.
(1988) whereby the entrance and exit ray heights of the
laser beam were measured, and the refractive index
distribution modelled to agree with the measured val-
ues. Such an analysis gives a range of possible refractive
indices for the core and surface of the lens depending
on the model used to describe the refractive index
distribution and the scatter in the observed data. Axel-
rod et al. concluded that the core refractive index must
be in the range 1.55–1.57, and that the surface refrac-
tive index was in the range 1.35–1.38, with the pre-
ferred model giving a central index of 1.555 and a
surface index of 1.36. Pierscionek and Augusteyn (1995)
measured the entry and exit positions for rays passing
through blue eyed Trevally lenses. They observed a core
refractive index of 1.546 and an edge value of 1.41.
The purpose of this study was to compare two differ-
ent techniques to determine the gradient refractive in-
dex in the lens of the fish. In the first, an optimisation
procedure was developed based on a ray-trace through
a model lens with radial distribution to represent the
gradient refractive index. The entrance and exit ray
heights and the intersection distance along the optical
axis were obtained from the path of a thin laser beam,
and the constants in the polynomial used to model the
refractive index were optimised to match the measured
ray heights and intersection distance along the axis with
the values obtained from the ray-trace.
The second method used magnetic resonance imag-
ing. Recently, a linear relationship between the refrac-
tive index and nuclear spin transverse relaxation rates
(R21:T2, where T2 is the transverse relaxation time)
has been reported for the human crystalline lens (Pope
& Moffat, 2000) which permits the measurement of
refractive index of the lens by magnetic resonance
imaging (MRI), a non-invasive technique.
2. Method
Crystalline lenses from the Black Oreo Dory (Allo-
cyttus Niger) obtained from commercial sources were
studied. Black Oreo Dory are deep water fish found in
New Zealand and Australian waters around Tasmania
that grow to a maximum size of 47 cm, and are
reported to live up to 100 years of age (Armitage,
Payne, Lockley, Currie, Colban, Lamb, & Paul, 1994).
The fish in this study were between 30 and 35 cm in
length. All lenses were chosen to be of similar size in
order to minimize any variation in refractive index due
to the age of the fish.
2.1. Laser beam ray-trace method
Five lenses were removed from the eyes of these fish
and placed on a pedestal inside a parallel sided plastic
chamber containing 0.9% phosphate buffered sodium
chloride solution to which a drop of milk was added to
increase the visibility of the laser beam. An optical axis
and the anterior surface of the lens were determined
from the insertions of the retractor lentis muscle and
lenses were positioned such that the laser beam was
incident on the anterior surface of the lens and parallel
to the optical axis. The refractive index of the storage
solution n was measured with an Abbe refractometer. A
narrow beam (width 0.5 mm) from a low power (1 mW)
helium–neon laser (l633nm) was passed through the
parallel-sided chamber containing the lens, and the
path of the laser beam was recorded with a video
camera (Sony Digital 8 DCR-TRV110E). The laser was
attached to a dial gauge and the beam translated in 1
mm steps from the optical axis to give a range of
incident ray heights. A total of 18 laser paths for each
lens were recorded; nine either side of the optical axis.
The digital image of each laser path was recorded,
stored on a PC computer and enhanced and measured
using commercial software (V, Digital Optics Ltd.). The
lens diameter d was determined as the distance between
the two laser beams at grazing incidence, and the
optical axis was established from the laser beam that
passes through the centre of the lens. The entrance ray
height y1, the exit ray height y2 and the intersection
distance along the axis were recorded for each lens
from images of each beam superimposed over the beam
along the optical axis (Fig. 1). All readings were in
pixels and the intersection distance (z) along the axis
was expressed in millimetres by calibration against the
lens diameter.
Fig. 1. Laser beam refracted by the lens showing incident and exit ray
heights y1 and y2 and the intersection distance zalong the axis.
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For a spherical lens with a radius of curvature r, the
equivalent focal length is given by the equation
frz (1)
The paraxial value for z in Eq. (1) was determined by
fitting a simple equation to the data for ray height y1
and intersection distance z, and determining the limit-
ing value.
The equivalent power was calculated as
F
n
f
(2)
and the equivalent refractive index from the expression
n %
2n2
(2nFr)
(3)
The polynomial
n(r)c0c1r2c2r4c3r6 (4)
was used to describe the refractive index distribution in
the lens where r was the normalised distance from the
centre to the edge of the lens (r1 at the edge) and c0,
c1, c2, and c3 were the parameters that determined the
index profile. A ray was traced numerically through the
model gradient index lens that corresponded to each
incident laser path using the ray-trace developed by
Sharma, Shumar and Ghatak (1982). The exit ray
height y %2 and the intersection distance along the axis z %
were calculated from this ray-trace.
A merit function
MFwy(y %2y2)2wz(z %z)2 (5)
where wy and wz were weighting factors chosen to give
the two components similar magnitudes, was summed
over all rays and minimized by changing the constants
in Eq. (4). The optimisation routine was based on
‘conjugate directions’ (Teukolsky, Vetterling, & Flan-
nery, 1992). The final form of the polynomial was
verified using an alternative ray-trace procedure
(Atchison & Smith, 1995) whereby the lens was repre-
sented as a large number (approximately 2000) of
spherical shells of uniform refractive index, with the
index varying between shells according to the surface
and core refractive indices and the gradient as deter-
mined from the polynomial. Conventional ray-tracing
was used to follow ray-paths through the lens using a
commercial optical design program (Winsigma, Kidger
Optics Ltd.). A sample final output distribution from
the optimisation was inserted in Winsigma which con-
veyed the accuracy of the ray-tracing in the optimisa-
tion program.
The refractive indices at the centre of the lens,(r0),
and at the surface of the lens (r1) determined for a
wavelength of 633 nm for the laser were converted to a
wavelength of 590 nm using a method developed by
Kroger (1992).
2.2. Magnetic resonance imaging (MRI)
Two lenses were removed and placed individually in
a plastic container containing 0.9% buffered sodium
chloride solution. Calibration of the relationship be-
tween the refractive index and the water transverse
relaxation rates 1:T2 was obtained by placing a series of
lens protein solutions in capillary tubes surrounding the
lens container. These lens protein solutions were pre-
pared from lenses of similar diameter to the measured
lenses by taking samples between the edge and the
centre of the lens. Each sample was thoroughly mixed
and centrifuged in the capillary tubes to remove air
bubbles. The refractive indices of these samples were
measured with an Abbe Refractometer. The MRI mea-
surements were performed using a Bruker BIOSPEC
47:30 scanner (horizontal 4.7 Telsa magnet and 30 cm
bore diameter) with an actively shielded gradient sys-
tem. A resonator of 72 mm (inner diameter) was used
for both the RF transmitting and the MR signal receiv-
ing. Triple-plot scans were conducted in order to select
proper cross lens imaging slices. Conventional multi-
slice multi-echo spin echo sequence (Bruker) was used
for measuring transverse relaxation times (T2) of the
central slice (2 mm thickness) of the lens. In order to
measure the transverse relaxation time (rate), eight
images at echo times (TE) of 8.4, 16.8, 25.2, 33.6, 42.0,
50.4, 58.8 and 67.2 ms were collected (Mansfield &
Morris, 1982). Other parameters used in the image
acquisition were data matrix of 128 by 128 for a field of
view (FOV) of 5 cm2 giving an in-plane resolution of
390 mm, time of repetition (TR) of 2 s and a total
acquisition time of 4 min 16 s. Calculation of T2 map
was performed using the BIOSPEC system software
package ParaVision (Bruker) by fitting the image inten-
sities acquired at different echo times to a single expo-
nential decay (I(TE)I0 exp(TE:T2)) on a pixel by
pixel basis. Averaged 1:T2 values over a squared region
of 6.7 mm2 (44 pixel units) from the calibration lens
protein solutions were plotted against refractive indices
obtained from the Abbe Refractometer. A linear rela-
tionship was derived from the plot and this relationship
was then used for the determination of the refractive
index of the lens at measured radial positions on the
MRI images.
3. Results
3.1. Laser beam ray-trace method
Table 1 gives the basic optical properties for each of
the lenses; mean values for radius of curvature of
9.7990.66 mm, equivalent focal length of 23.3791.72
and an equivalent refractive index of 1.695890.0049
when corrected to a wavelength of 590 nm.
L.F. Garner et al. : Vision Research 41 (2001) 973–979976
Table 1
Dimensions and optical properties of the lenses used in the laser beam ray-trace method measured at a wavelength of 633 nma
Radius (mm)Lens Equivalent focal length (mm) Equivalent refractive index Matthiessen’s ratio
21.611 1.7009.2390.02 2.34
25.97 1.688 2.402 10.8290.09
23.28 1.6929.7690.18 2.393
9.9390.044 23.89 1.688 2.41
22.095 1.6909.2290.07 2.40
23.3791.72 1.69290.0059.7990.66 2.3990.03Mean
a The mean equivalent refractive index at 590 nm was 1.696.
Table 2
Values for the constants in Eq. (4) for the five lenses as determined from the merit function, together with the refractive indices found at the edge
and centre of each lens
c1Lens c2c0 c3 Refractive index
Surface Core
0.102 0.0541 0.0061.548 1.385 1.548
0.139 0.006 0.0361.535 1.3532 1.535
0.137 0.005 0.0573 1.3621.550 1.550
0.115 0.052 0.0071.543 1.3684 1.543
0.1145 0.0501.538 0.000 1.373 1.538
0.12190.016 0.03390.026 0.02190.0201.54390.007 1.36890.012Mean 1.54390.007
Matthiessen’s ratio, i.e. the focal length divided by
radius of curvature of the lens, is often given as a
measure of the optical properties of the fish lens, and
this ratio was found to have a mean value of 2.3869
0.026.
Table 2 gives the values for the constants in Eq. (4)
for each lens and the corresponding surface and core
refractive index. The mean value for the centre of the
lens was 1.543 (r0) and the mean surface refractive
index was 1.368 (r1). at a wavelength of 590 nm.
When the mean values for the constants were in-
serted in Eq. (4), the refractive index distribution was
described by the polynomial
n(r)1.5430.121r20.033r40.021r6 (6)
Using lens 1 as an example, the effect of adding the
various constants in Eq. (4) to the refractive index
profile is shown in Table 3. Similar results were ob-
tained for the other lenses and this summary shows the
manner in which merit function reduced with the addi-
tional constants. Employing constants of higher order
than c3 did not affect the results appreciably.
3.2. MRI
Fig. 2 shows a 2-dimensional cross sectional NMR
image (the first image of the 8-image series used for the
computation of T2 values) of the Black Oreo Dory lens
7 together with the lens protein solutions used for the
calibration.
Fig. 3 depicts both the single exponential fits of
averaged intensities over the selected region (6.7 mm2)
of the calibration lens protein solutions and the aver-
aged 1:T2 values of the same region versus refractive
indices n obtained from the Abbe Refractometer. A
linear relationship
n1.3680.008R2 (7)
was obtained with a goodness of fit ofR0.9941 from
n1.38 to n1.46.
Refractive indices obtained from the MRI data for
the two lenses for different radial positions are shown
in Fig. 4, together with the values calculated for corre-
sponding radial positions using Eq. (6) These data are
plotted in Fig. 3. The MRI refractive indices in Table 4
were obtained by averaging over 4 pixels (along fre-
quency (horizontal) and phase encoding (vertical) direc-
Table 3
Variation in the number of constants employed in Eq. (4) and the
affect on the refractive index profile for lens 1a
1Constant 2 3 4
1.575c0 1.5481.562 1.549
0.102c1 0.1020.143
c2 0.0583 0.054
c3 0.006
Surface index 1.3851.575 1.419 1.388
1.562 1.549 1.5481.575Central index
3.10 2.48 2.47730.2Merit function
a Addition of the c3 term did not change the merit function or the
refractive indices by an appreciable amount.
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Fig. 2. Two-dimensional cross sectional MRI image of lens 7 and the
protein solutions used for calibration. The centre of the lens does not
provide useful data due to the relative lack of free water in this part
of the lens. The dashed circle marks the interface between the lens
and the surrounding sodium chloride solution. The slight variations
of intensities across the calibration samples largely reflect the imaging
noise.
with smaller lenses. The mean equivalent refractive
index found was to be 1.69690.005 using the laser
ray-trace method. Reported values for the equivalent
refractive index of the fish lens vary. Matthiessen (1882)
found values varying from 1.6298 in the cod to 1.6862
in the carp, Sadler (1973) reported 1.688 for the Saithe.
While other authors have not reported an equivalent
refractive index it can be calculated from their data
using Eq. (3). Calculation using data of Sivak and
Kreuzer (1983) gives a value of 1.734 for the goldfish,
and from data of Shand, Doving and Collin (1999), a
value of 1.711 can be obtained for the adult bream. A
mean Matthiessen’s ratio of 2.38690.026 was found
which was similar to the values reported by
Matthiessen (1882). In terms of these paraxial proper-
ties, the lenses from the Black Oreo Dory were within
the range reported for other fish, although the equiva-
lent refractive index of 1.696 could be considered at the
high end of the reported values.
When mean values for the constants in Eq. (4) are
used, the refractive index distribution in the Black Oreo
Dory was described by polynomial given in Eq. (6). The
mean refractive index for the lens surface was 1.3689
0.012 and the mean refractive index for the core was
1.54390.007.
The approach was similar to the method described by
Axelrod et al. (1988), in that the entrance and exit ray
heights of the laser beam were measured, and their
recommendation was adopted to include measurement
of the intersection distance along the axis. The differ-
ences in this procedure include the optimisation rou-
tine, the gradient index model, and the presentation of
data for individual lenses rather than normalised data
from a number of lenses. The method allowed a unique
solution for the index distribution and the surface and
tions respectively or parallel to the image pixels) at the
same radial positions across the lens slice.
4. Discussion
The Black Oreo Dory is a deep water fish and
adaptation to the low light levels in deep water have
result in eyes that are relatively large for the size of the
body. It might therefore be expected that the optical
properties of these lenses might differ from surface fish
Fig. 3. (a) Plot of normalized intensities over a selected region (6.7 mm2) of the calibration lens protein solutions from a series of images collected
at different echo time against TE values with lines represent fits to a single exponential decay. (b) Plot of averaged 1:T2 values over the same
region of the calibration lens protein vs. refractive index measured with the Abbe Refractometer. The plot has a linear relationship
n1.36890.008R2 with goodness of fit R0.9941 from n1.38 to n1.46.
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Fig. 4. The gradient refractive index function n(r)1.543
0.121r20.033r40.021r6 plotted together with the MRI values for
refractive index for lens 6 () and lens 7 ().
the Black Oreo Dory that we measured which were
approximately 10 mm radius of curvature. Despite this
difference in the size of the lenses from these two
species, the surface and core refractive indices are very
similar. Kroger et al. (1999) have suggested that the
refractive index distribution in the fish lens produces a
multifocal lens, based on ray-tracing though a model
lens, fish lens imagery and photorefractometry. While
the lenses demonstrated a degree of spherical aberra-
tion, without details of the model eye used by Kroger et
al. (1999) for their ray-trace, it is not possible to
compare the refractive index distribution that was
found.
The refractive indices measured using the MRI tech-
nique varied from 1.38 at the edge of the lens (r1) to
1.49 at r0.67 for lens 6 and 1.51 at r0.64 for lens
7, the nearest to the core of the lens that readings could
be obtained. The absence of any appreciable free water
at the core of the crystalline lens meant that the MRI
technique could not be used to measure refractive index
in this region of the lens. However, the refractive
indices obtained in the outer regions compare well with
those obtained using the laser-optimisation technique.
The refractive indices obtained using the MRI tech-
nique were all higher than those from the laser-optimi-
sation technique at the corresponding r value where a
mean difference of 0.01 was found. The reason for this
is possibly due to the calibration method we used.
Protein samples were dissected from other lenses of
similar diameter and the refractive index measured
using the Abbe refractometer. Determination of refrac-
tive index in this way can be variable due to invasive
nature of this method and disturbance to the water
distribution in the sample. Any loss of water from the
calibration samples during this process could account
for the mean difference of 0.01 between the methods.
Nevertheless, the use of MRI was shown to be a valid
non-invasive technique for determination of refractive
index in the cortex of the fish lens. The samples were
measured in vitro, but the technique could be applied
to in 6i6o measurement allowing determination of
changes in the gradient refractive index with growth of
the crystalline lens in living animals. The core refractive
index of the human lens is approximately 1.42 and the
distribution of refractive index for the entire lens should
therefore should be measurable using the MRI tech-
nique. Calibration would not present the same prob-
lems where relative changes are of interest.
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Table 4
Comparison of the refractive indices at different radial positions
obtained by the laser beam ray trace method and from MR imaging
LENS 6 LENS 7
r MRILaserr MRI Laser
1.3890.29 1.3681.00 1.00 1.3890.19 1.368
1.3990.130.961.387 1.3871.3990.350.96
1.4190.16 1.4000.93 0.92 1.4190.12 1.404
1.416 0.88 1.4290.130.89 1.4191.4390.19
1.4490.090.85 1.430 0.84 1.4490.04 1.434
1.444 0.80 1.4590.130.81 1.4471.4590.12
0.78 1.4581.4690.280.761.4521.4790.14
1.4790.030.72 1.4691.4631.4890.300.74
1.473 0.680.70 1.4990.271.4890.20 1.478
1.4990.30 1.480 0.64 1.5190.04 1.4870.67
core refractive indices. Table 3 demonstrates the effect
of increasing the number of terms in Eq. (4) and shows
that calculation of the constants beyond c2 does not
change the surface or core refractive index values by
greater than 0.001. While the surface index of 1.368 is
within the range of 1.35–1.38 for the goldfish deter-
mined by Axelrod et al. (1988), the value of 1.543
central index is just outside their range of 1.55–1.57.
The results are similar to those obtained using the
methods of Chu (1977) and Campbell (1982), bearing in
mind that gradient refractive index profiles obtained
using their technique require the immersion medium to
match the surface refractive index of the lens. Kroger et
al. (1994) used the method described by Campbell
(1982) and determined the surface index to be 1.361
and the core index to be around 1.54 for the African
Cichlid fish which are very similar to the results found.
What was different for their study was that the lens of
the African Cichlid fish is rather small, with a radius of
curvature of about 1.2mm, compared to the lenses of
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